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ABSTRACT

Horseshoe crab, Limulus polyphemus, eggs were reared through the first tailed

stage in factorial combinations of temperature and salinity with respective values

of 20, 25, 30, or 35C and 10, 15, 25, or 35%o. Lowest survival occurred in low

temperature, low salinity combinations (20C, 10%o). Wet weight, and thus linear

dimension, of the first tailed stage was only slightly different throughout the tem-

perature-salinity range tested. However, ash-free dry weights, indicating yolk utili-

zation, varied significantly with both temperature and salinity. The least yolk uti-

lization occurred at 30C and increased in higher and especially lower temperatures.
Yolk utilization also increased with a decrease in salinity. Temperature interacted

with salinity to cause a greater salinity-dependent difference in yolk utilization at

lower temperatures. Comparisons of ash-free dry weights (i.e., yolk utilization) with

respiration rates indicate that L. polyphemus has little ability to compensate met-

abolically for the effects of temperature and, secondarily, of salinity. Nevertheless,
the larvae are sufficiently provisioned with yolk to survive the prevailing ranges of
these variables in the habitat where adults normally deposit eggs. This suggests that

other unexamined physical variables, or more likely biological factors such as pre-
dation or competition among the feeding larval stages and adults, are important for

larval survival of L. polyphemus.

INTRODUCTION

The brooding behavior of the horseshoe crab, Limulus polyphemus, is unique
among marine macrofaunal arthropods. A brooding pair in amplexus deposits the

eggs in moist sand at or near the water line (Lockwood, 1870; Packard, 1872).

Depending primarily upon temperature, the eggs develop for a period of weeks or

perhaps months to the trilobite, the first free-living stage (Jegla and Costlow, 1979;

1982). The trilobites generally remain close to the shore, but may also join the

plankton (Rudloe, 1979, 1981). The first description of the trilobite stage in the

scientific literature was based on material collected from the plankton (see Packard,

1872). In the nearshore environment, both physical and trophic factors are unpre-
dictable. Anecdotal evidence indicates that the animals are very tolerant of sub-

optimal conditions (Kingsley, 1892), including low salinity (Mangum et al., 1976).
Since the trilobite depends on stored yolk material and does not feed, it is protected
from trophic instability until after the molt to the first tailed stage.

The ability to tolerate a range of physical factors exacts some cost in terms of

metabolic adjustment which must be integrated within the constraints imposed by
the amount of energy and material originally supplied within the egg. If development
were excessively slowed by low temperatures or osmotic regulation requirements,
then growth and perhaps survival would be influenced adversely by these suboptimal
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conditions. The experiments reported here were designed to determine the ranges

of temperature and salinity over which development to the first tailed stage would

occur. Oxygen consumption rates were measured in order to compare the effects

of physical factors on energy production and development rate. Following molting
to the first tailed stage, the ash-free dry weights were determined. Differences in ash-

free dry weight reflect relative amounts of yolk utilized during development.

>

MATERIALSANDMETHODS

The eggs used in this experiment were collected in June, 1979 near Panacea,

Florida (USA) by the Gulf Specimen Company and shipped to California by air.

Two clutches showing the least development were selected. Based on the complete
lack of morphological differentiation in the eggs and the amount of time required

subsequently for development, the eggs were probably less than 1 wk old at the

initiation of the experiment, and there was probably approximately a 2 day difference

in the age of the two clutches.

During shipment, the eggs were in 25%o sea water. Previous experience had

indicated that the developing embryos were quite tolerant of salinity and temperature

changes. On the first day of the experiment the eggs were divided into the experi-

mental groups and put directly into the test temperature-salinity combinations with

the exception of the 10%o groups. These were put into 15%o for the first 24 h. The

embryos were exposed to factorial combinations of temperature (20, 25, 30, or 35 C)
and salinity (10, 15, 25, or 35%o) for the remainder of larval development to the

first tailed stage.

Oxygen consumption rates were determined for free-living trilobites under all

temperature-salinity combinations. Individuals for respirometry were not selected

until after all the trilobites emerged from their hatching membranes. Oxygen con-

sumption rates were determined using the oxygen electrode in a Lexington Instru-

ments (Lexington, Massachusetts, USA) blood gas analyzer (Laughlin et a!., 1979).

The sea water was changed 5 days each week and the animals in the bowls were

censused daily. As necessary, cast egg shells and embryonic membranes were re-

moved and algae cleaned from the bowls using paper tissue. No food was added

since none of the stages used in this experiment required it. As the larvae molted

to the third tailed stage, they were removed from the bowls, blotted dry, weighed
to the nearest 0.01 mg, and dried for at least 2 days at 60C before being weighed
to the nearest 0. 1 /ug. Subsequently, the tissue was ashed in a kiln at 475 C and the

ash weight determined to the nearest 0. 1 ng. All weights were measured with Cahn
21 electrobalance.

The figures give means and standard deviations. Two means whose standard

deviations do not overlap are different at the 5% level. Data were analyzed statis-

tically using the regression subroutine in the Statistical Package for the Social Sci-

ences, SPSS, (Nie et al., 1975). A regression model containing quadratic and linear

terms for temperature and salinity and the linear interaction term was generated
and plotted.

RESULTS

Survival to the first stage varied with physical factor combinations. The percent
survival is given by the numbers at the base of each histogram column (Fig. 1 ).

Under optimal conditions, more than 50% of the eggs developed to free-living tri-

lobites. In combinations of low temperature (20C) and low salinity (10 or 15%o)

survival was notably poor. There was an unusual pattern of mortality. In several
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FIGURE 3. Response surface diagram showing predicted ash-free dry weights of first tailed stage

Limulus polyphemus exposed to factorial combinations of temperature and salinity. Contour units

are mg.

Both high (35%o) and low (10%o) salinities had delaying effects on development

rate, but the magnitude of the delay was mediated by temperature. At 30C, the

optimum temperature, salinity had little effect on development rates; whereas, at

35C a slight effect at high and low salinities was apparent. At 25C development

140-
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FIGURE 5. Response surface diagram showing effects of temperature and salinity on predicted

development rates to the first tailed stage of Limulus polyphemus. Contour units are days.

was most rapid in 25%o, decreasing slightly in both higher and lower salinities. The

differences were not large, however. At 20C, temperature was exerting the main

effect, expressed as high mortality and very low weights of surviving first tailed stage

individuals.

The response surface diagram showing the effects on temperature and salinity

(Fig. 5) was plotted from the following regression equation:

Days to molt = 207.2 -
1 1 1.6T + 17.5T 2 - 7.2S -I- 20S2 - 0.86T X S

R - 0.854

F= 311

df=4, 1155

p< 0.0001

where

T = temperature
S =

salinity

R = correlation coefficient

F = F-test ratio

df =
degrees of freedom

The optimal temperature is predicted to be ~31C with a broad salinity opti-

mum. The major axis of the central ellipse is nearly parallel to the salinity axis

indicating little interaction between temperature and salinity.

Temperature was the major factor influencing oxygen consumption (Fig. 6). The

Q,o's were generally less than 2 indicating metabolic compensation. This compen-
sation was least effective in the highest (35%o) and lowest (10%o) salinities tested. As
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FIGURE 7. Response surface diagram showing predicted oxygen consumption rates of Limulus

polyphemus acclimated to factorial combinations of temperature and salinity. Contour units are mis O2

g dry wt~' h '.

peratures of 20-35C and salinities of 10-35%o. Sublethal effects on growth and

development rate are marked, however.

Wet weights varied with temperature but not nearly to the same extent as with

salinity, and overall the differences were not large. The lack of a clear-cut salinity

effect is surprising since one might predict a larger animal in lower salinities due
to post-molt swelling. However, the yolk loss in low salinities (Fig. 2) produced an

initially "smaller" larva which failed to reach larger proportions regardless of any
putative differential swelling. Other explanations are also possible since post-molt
water uptake mechanisms are not characterized for Limulus and may not be similar

to those reported for decapods (Mykels, 1980). Ecologically, attainment of a certain

minimum dimension may be an important deterrent to predation since many pred-
ators (e.g., fish) are highly size-selective for their prey. Rudloe (1981) found cor-

relations between the size of Limulus polyphemus juveniles and their distance from
the shore. This observation indicates (but does not prove) that younger, smaller

horseshoe crabs in shallow water could avoid predators limited by water depth.
Several observations can be cited to show that temperature effects on yolk uti-

lization are mediated primarily by changes in development rate. Oxygen consump-
tion consistently increased over the temperature range tested; however, development
rate was most rapid at 30C, declining slightly at 35 C and markedly as temperature
decreased to 20 C. Dry weight of the third tailed stage animals decreased as the

duration of development increased. These observations indicate that even at 20C
oxidative metabolism could provide sufficient energy for developmental events.

Therefore, there appears to be only a loose coordination between the rate at which

energy is supplied and is used to promote development. Hubbs (1926) suggested
that a similar lack of coordination between tissue formation and differentiation is

the reason that fish embryos reared in colder temperatures generally have more



GROWTHOF LARVAL HORSESHOECRABS 101

somites following differentiation events. The situation with Limulus represents an-

other paradigm of similar origin. Development rate and oxidative metabolism are

best co-ordinated at 30 C, for the population tested, but this decreases in higher or

lower temperatures. Rearing at 20C, the lowest tested here, markedly affected sur-

vival, indicating that there is a point of no return. If too much carbon is used for

maintenance metabolism before developmental events proceed far enough to allow

a molt, the animals cannot molt. This is not a case of simple starvation, however,

since the trilobites will live weeks or in some cases months following the mean

molting time of successful siblings. The process in Limulus may have a similar

origin and controlling factor to that studied in starved crab larvae (Anger et al.,

1981). While hormonal mechanisms have been suggested, perhaps other mecha-

nisms, at the level of cell metabolism, should be considered since the existence of

a point of no return appears to be a salient feature of invertebrate metamorphosis
in general (Thorson, 1946, 1966).

The data for Limulus show that the effect of temperature on molting, growth,

and differentiation is complex. Studies of post-metamorphic fish have provided

many experimental models of the effects of temperature on growth, but these are

probably inaccurate for Limulus or other invertebrate larvae. Alderdice (1972) has

reviewed many of the studies on fish and has noted that while growth to a certain

size was slower in lower temperatures, growth efficiencies (weight gain per food

input) were higher. For Limulus, the decelerating effects of low temperature on

development rates were more detrimental than any benefit derived from lower

maintenance metabolism costs. This is observed for species with feeding as well as

non-feeding larvae (Rice and Provenzano, 1965; Provenzano, 1967, 1968; Gore,

1970; Peckenik, 1979; Anger and Dawirs, 1981; Caswell, 1981; Laughlin and Neff,

1981). The occurrence of latitudinal populations of Limulus, as well as numerous

other species, which develop under very different temperatures shows that temper-

ature sensitivity is under selective control.

There is anecdotal evidence suggesting that juveniles of Limulus polyphemus are

more salinity tolerant than adults (Mangum et al., 1976), but there is only one study

of the mechanisms involved (Laughlin, 1981). The data reported here are for salin-

ities as low as 10%o, but Limulus will actually survive and develop to the trilobite

stage in salinities as low as 5%o. However, based on the results here, it is doubtful

they would survive to the first tailed stage at these low salinities.

Decreasing salinity predictably reduced the ash-free dry weight of the first tailed

stage, with the extent of reduction between highest and lowest salinity being mediated

secondarily by temperature. Previous studies indicate that loss of carbon is not

mediated by costs of ionic regulation. Intracellular osmotic regulation in Limulus

is mediated by an organic solute which has not been specifically identified (Bricteux-

Gregoire et al., 1966). Commitment of organic carbon to osmotic regulation, par-

ticularly if it were excreted rather than being "recycled", (for instance by oxidative

deamination) in low salinities, could explain the growth pattern with relation to

salinity.

The success of Limulus larvae, in ecological terms, is dependent upon the choice

of breeding beaches where eggs are deposited, as well as the tolerance of larvae to

prevailing physical conditions after deposition. I am not aware of any studies spe-

cifically addressing the physical factor regime on Limulus breeding beaches, but

anecdotal evidence and personal experience suggests that adults do not occur where

conditions exceed the broad temperature-salinity ranges tolerated by larvae. It is

likely that the broad tolerance range of larvae is an adaptation to post-depositional



102 R. LAUGHLIN

events which adults do not experience. Rain may significantly dilute salinities, and

temperatures may increase with season, particularly along the southeastern coast

of North America. Thus, the broad temperature and salinity tolerance range of

Limulus larvae is not an adaptation allowing exploitation of a large range of habitats

within an estuarine system, but rather an insurance against unusually large devia-

tions in temperature and salinity which occur randomly in degree and duration

from year to year. The apparently copious stored yolk material endows Limulus

polyphemus larval stages with a resource base allowing survival in the unpredictably
variable estuarine habitat.
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